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The course of Venezuelan equine encephalitis (VEE) disease in immunodeficient and immunologically normal mice was
compared to define the role of the immune system in this disease process. Immunocompetent mice infected with VEE
exhibited a biphasic illness characterized by an early self-limiting lymphoid phase and a fatal CNS phase. The lymphoid phase
of the illness was characterized by extensive viral replication within spleen, thymus, Peyer’s patches, and lymph nodes, was
accompanied by a high-titered serum viremia, and resolved with the production of VEE-specific IgM class antibody at 72 h
postinfection (p.i.). Immunocompetent animals survived an average of 6.8 6 1.2 days before succumbing to fulminant
encephalitis. In contrast, SCID mice infected with VEE showed a persistent replication of virus throughout all organs tested
beginning at 24 h p.i. VEE-infected SCID mice exhibited a severe spongiform encephalopathy with 100% mortality and an
average survival time of 8.9 6 0.9 days. These studies indicated that the characteristic organ tropism of VEE in the mouse
is due in large part to an early anti-viral state, the establishment of which is dependent upon the presence of an intact immune
system. Finally, the CNS pathology in a VEE-infected mouse had a significant immunologic component. However, in contrast
to other neurovirulent alphaviruses, VEE was directly cytopathic for the cells of the CNS, even in the absence of an immune
response. © 2001 Academic Press
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The immune response plays an important role in the
development of pathology during the course of many
viral diseases. In some instances it is the host’s re-
sponse to the viral pathogen that produces the lesions
characteristic of the disease. Such is the case with
hepatitis B virus (Ando et al., 1993), lymphocytic chorio-
eningitis virus (Buchmeier et al., 1980), Sindbis virus
Levine et al., 1991; Levine and Griffin, 1993), and Semliki
orest virus (Fazakerley and Buchmeier, 1993).
Lymphocytic choriomeningitis virus (LCMV) has been
xtensively studied as a model of virally induced immu-
opathogenesis (Buchmeier et al., 1980). The Armstrong
train of LCMV is avirulent in animals unable to mount an
ffective immune response, whether by virtue of age
neonatal mice), genetic mutation (SCID mice), or
hrough experimentally induced immunosuppression
rior to inoculation with virus (Doherty et al., 1990). Ani-
als that do mount an immune response to LCMV suc-
umb to fatal encephalitis. LCMV-tolerized animals
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190doptively transferred with MHC class I-matched CD81
lymphocytes develop encephalitis and die rapidly. These
results demonstrate that the pathologic lesions charac-
teristic of the viral disease are dependent upon the
presence of functional T lymphocytes that specifically
recognize antigens of the viral pathogen (Doherty et al.,
990).
It has been demonstrated that in the cases of Sindbis
SB) and Semliki Forest (SFV) viruses, the diseases pro-
uced in adult mice are ones of strict immune pathology
Levine et al., 1991; Fazakerley and Buchmeier, 1993). SB
replicates without causing overt disease in the brains of
adult SCID mice (Levine et al., 1991; Levine and Griffin,
1993). Pathology results only when the immune system
reacts to the viral antigens present in infected cells of the
central nervous system (CNS). In the case of SFV, the
characteristic demyelinating lesions are due to the ac-
tivity of cytotoxic CD81 T cells, which attack virally in-
ected oligodendroglia (Fazakerley and Buchmeier,
993). SFV infection of nude or SCID mice (Fazakerly and
ebb, 1987; Fazakerly et al., 1993), or immunocompetent
mice depleted of CD81 T cells (Subak-Sharpe et al.,
993), results in a benign disease course, with viral
eplication persisting in the CNS in the absence of pa-
hology.To determine the role of the immune response in the
evelopment of murine Venezuelan equine encephalitis
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191PATHOBIOLOGY OF VENEZUELAN EQUINE ENCEPHALITIS VIRUS IN THE MOUSE(VEE) disease, we have studied the infection in mice
bearing the severe combined immune deficiency muta-
tion (SCID mice). SCID mice are unable to productively
rearrange immunoglobulin or T cell receptor genes, re-
sulting in severe lymphopenia and profound immunosup-
pression (Bosma et al., 1983; Custer, et al., 1985). The
data presented in this report suggest that much of the
pathology seen both in the peripheral lymphoid tissue
and later within the CNS of an immunocompetent mouse
is the direct result of the animal’s response to the viral
infection. In contrast to other alphaviral infections of
mice, however, VEE caused extensive pathology within
the CNS of SCID mice, which resulted in the death of the
animals. We also demonstrate using immune reconstitu-
tion of SCID mice and depletion of immunologically nor-
mal mice that the immune-mediated clearance of VEE
from the periphery of an infected immunocompetent
mouse is largely a function of VEE-specific IgM antibody,
which can be produced in the absence of T cell help.
RESULTS
Clinical course of VEE-induced disease in
immunologically normal and SCID mice
SCID mice inoculated subcutaneously in the left rear
footpad with V3000 showed an increase in average sur-
vival time (8.9 6 0.9 days) compared to CB17 controls
(6.8 6 1.2 days). In addition, clinical signs of disease
were dramatically different in the two strains of mice.
CB17 mice showed a characteristic progression of dis-
ease signs from slight ruffling of the fur on the second
and third day postinfection (p.i.) to hunching and hind-
limb paralysis on the fourth and subsequent days p.i. At
the time of death, all CB17 mice were severely paralyzed,
with histopathologically confirmed encephalitis. SCID
mice showed no signs of disease until the sixth or
seventh day, at which time they became agitated and
aggressive. Fighting in the cages became common, and
some mice were killed by their cagemates. For this
reason it was necessary to house VEE-infected SCID
mice separately to accurately determine the average
survival time. VEE-infected SCID mice were markedly
ataxic by the eighth day p.i. and became progressively
less responsive until they died approximately 8 to 12
days p.i. At no time did they display the hindlimb paral-
ysis that is a hallmark of murine VEE disease in immu-
nocompetent animals, nor was there histological evi-
dence of encephalitis in any of the SCID mice.
VEE replication and pathology in peripheral,
nonneuronal tissues
Viral replication and pathology in the peripheral lym-
phoid organs were compared in SCID and CB17 mice.
Viral titration of serum, spleen, and pancreas revealed
marked differences between the SCID and immunocom-
s
Vpetent mice, which were confirmed by histopathological
and in situ hybridization analysis of these tissues.
Viral titer in the periphery. Viral titers in serum and
spleen of the CB17 mice peaked between 18 and 24 h p.i.
at 106 to 107 PFU/ml or g (Figs. 1A and 1B, respectively).
Peak titers of 107 to 108 PFU/g were observed in the
ancreas (Fig. 1C) at 120 h p.i. After reaching maxima at
4 h p.i., viral titers in sera and lymphoid tissues fell
elow the limit of detection by 120 h p.i. VEE titers in the
ancreas remained high throughout the disease course,
nly showing modest declines between days 5 and 6 p.i.
Fig. 1C).
In the SCID animals, viral titers in the serum and
pleen rose more slowly than in the CB17 mice and did
ot reach maximal titers until day 6 p.i. Spleen and serum
iters were typically one to two orders of magnitude
ower in SCID mice than in the CB17 mice for the first
8 h, but by the sixth day p.i. the titers of virus in the
erum and spleen of the SCID mice had surpassed the
eak titers seen in the immunocompetent CB17 mice
Figs. 1A and 1B). Titers of virus in the pancreas of SCID
ice closely paralleled those seen in the CB17 animals
Fig. 1C). Virus failed to clear from any of the organs of
CID mice tested (spleen, pancreas, small intestine,
owel, lung, liver, kidney, stomach, skeletal muscle,
vary, uterus, adrenal, thymus, brain, and serum) and
emained at or near peak titer until the death of the
nimal (data not shown).
Histopathology of spleen and pancreatic tissue. There
ere marked histopathological differences between
CID mice and CB17 mice. Spleens of CB17 mice
howed liquefactive necrosis and viral signal detectable
y in situ hybridization in well-demarcated areas of the
plenic follicles beginning at 18 h p.i. (Fig. 2A). Necrosis
egan in the marginal zone areas of the spleen, but
pread to encompass much of the white pulp. No evi-
ence of apoptotic cell death was observed. These
hanges were maximal at 48 h and slowly resolved, so
hat by the sixth day p.i. the lymphoid tissue was essen-
ially normal in appearance and viral signal was no
onger detectable (Fig. 2B). As expected, the spleens
rom SCID mice differed architecturally from those of
B17 mice, most notably by the complete absence of
erminal centers. The spleens of SCID mice showed no
vidence of necrotic change, and viral signal was only
poradically present in the spleens (Fig. 2C). Throughout
he course of disease the spleens of the SCID mice
howed increasing levels of viral replication evident by in
itu hybridization (Fig. 2D).
Histopathologic changes within pancreatic tissue of
oth SCID and CB17 mice began at 48 h p.i. In both SCID
nd immunocompetent mice, severe coagulative necro-
is of the acinar cells of the exocrine pancreas was
bserved (Figs. 2E and 2F). In both cases there was
paring of the islets, as has been previously reported for
3000 (Grieder et al., 1995). In the CB17 animals, evi-
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192 CHARLES ET AL.dence of mild inflammation began at 120 h p.i., with
resolution of necrosis beginning at 144 h p.i. (data not
FIG. 1. Serum (A), spleen (B), and pancreas (C) titers of VEE in SCID,
B17, and reconstituted SCID mice. Mice were infected with 103 PFU of
V3000, delivered subcutaneously into the left rear footpad in a volume
10 ml. Serum titers were performed on mice at bleed-out, just prior to
perfusion. Spleen and pancreas titers were determined in 10% homog-
enates of the respective organs harvested after perfusion. Experiments
were performed three times, and each point represents the average
titer of duplicate animals from a representative experiment. (E) SCID
mice, (F) reconstituted SCID mice, () CB17 mice, (- - -) and the limit of
detection.shown). There was no evidence of inflammatory change
in the pancreatic tissue of the SCID mice, and necrosis
t
pbecame confluent with eventual involvement of the islets
by 216 h p.i. (data not shown).
Production of anti-VEE antibody. Clearance of virus
from the serum and peripheral organs of CB17 animals
coincided with the detection of serum antibody to VEE
(Fig. 3). Low levels of IgM class antibody to VEE were
detectable in CB17 mice beginning at 72 h p.i. These
titers rose steadily until the death of the animals on day
7 p.i, reaching peak titers of 1:1260. No VEE-specific, IgG,
or IgA class antibody was made by the CB17 mice during
the course of the disease (data not shown). No VEE-
specific antibody was detected in any SCID mouse, at
any time point (Fig. 3).
Reconstitution of SCID mice. To verify that difference
in patterns of viral replication seen between SCID and
CB17 mice was attributable solely to the immune sys-
tem, SCID mice were reconstituted with splenocytes
derived from naive CB17 donors 72 h prior to infection
with VEE. Tissues from VEE-infected, reconstituted
SCID mice were examined at 24, 48, 120, and 144 h p.i.
for viral titer and histopathology. For these animals,
average survival time was not determined, and all
experimental animals were sacrificed by 144 h p.i. at
the time of severe clinical illness. As was seen in the
CB17 mice, the reconstituted SCID mice showed a
pattern of rapid rise in viral titer in the serum and in the
peripheral lymphoid tissue, followed by a decrease in
titer with eventual clearance of the virus (Figs. 1A–1C).
Viral clearance from the periphery coincided with the
detection of IgM class antibody to VEE, although the
absolute amount of antibody was less than that ob-
served in the CB17 mice (Fig. 3).
The histologic appearance of the spleens of the re-
constituted SCID mice was similar to that seen in the
CB17 mice. Liquefactive necrosis of the follicles of the
spleen was observed at 24 h postinoculation, although
the severity of the lesions was less than that seen in
CB17 animals (data not shown). By 144 h p.i., viral titers
in the spleens of the reconstituted SCID mice were
falling (Fig. 1B) and the tissue was returning to normal
histological appearance (data not shown).
Cs-A treatment and in vivo depletion of T cells from
CD-1 mice. CD-1 mice were treated with Cs-A or mono-
clonal antibody to T cells to assess the role of T cells in
the clearance of VEE from peripheral tissues of infected
mice. Animals were immunosuppressed for 72 h prior to
infection, and the level of T cells present in the circula-
tion was determined prior to inoculation with virus. Flow
cytometric analysis of peripheral blood lymphocytes re-
vealed that CD41 and CD81 lymphocytes were reduced
y greater than 95% in animals depleted by monoclonal
ntibody treatment (data not shown). Clinically, removal
f T cells or their inactivation by treatment with Cs-A
esulted in a disease course similar to that observed in
he SCID mice, with an absence of the hunching and
aralysis characteristic of the disease in immunologi-
pleen i
al mag
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determine VEE virus titer and anti-VEE antibody titers.
Removal or inactivation of T cells from CD-1 mice prior to
infection had no effect on the clearance of virus from the
serum, nor did it prevent the production of IgM class
antibody to VEE, although there was a marked depres-
sion in the final titer of antibody (Table 1).
Alteration of host cell tropism. Plaque assay of skeletal
muscle and other nonlymphoid tissue revealed a very
early change in the tissue tropism of VEE in the SCID
mouse relative to that observed in CB17 mice. In SCID
mice VEE was found in every tissue tested by both viral
FIG. 2. Tissue sections from spleen and pancreas of VEE-infected m
and tissues subjected to in situ hybridization with VEE-specific riboprob
necrosis in the marginal zone of splenic follicles of a CB17 mouse at 2
a CB17 mouse at 144 h p.i. (B). Little VEE RNA is detected in the splee
(C). VEE RNA levels increase, but histologic appearance of the SCID s
RNA in the presence of CB17 (E) and SCID (F) mice at 48 h p.i. Origintitration and by in situ hybridization analysis beginning at
18 h p.i. (data not shown). These tissues included lung,liver, kidney, adrenal, thymus, heart, intestine, stomach,
and skeletal muscle (data not shown). Viral signal also
was found by in situ hybridization analysis of infected
SCID mice in vascular endothelial cells, basement mem-
brane, and tissues as diverse as the connective tissue of
the pinna of the ear and the ovarian tissues (data not
shown). In contrast, virus replicated primarily in lym-
phoid, pancreatic, and nervous tissues of the CB17 mice.
Viral titers in muscle tissue. To characterize the altered
tropism of VEE in SCID mice further, muscle tissue from
three anatomic sites from perfused, VEE-infected mice
was analyzed by plaque assay and in situ hybridization:
mice were inoculated with 1000 PFU of V3000 in the left rear footpad
ounterstained with Gill’s hematoxylin. VEE RNA and severe liquefactive
(A). Resolution of necrosis and clearance of VEE RNA from spleen of
CID mouse, and there is no virally induced histopathology at 24 h p.i.
s relatively unchanged at 144 h p.i. (D). Coagulative necrosis and VEE
nification, 203.ice. All
e and c
4 h p.i.
n of a Sthe right quadriceps, right gastrocnemious, and the
tongue. Data presented represent the proportion of mice
C194 CHARLES ET AL.found to have VEE detectable by plaque assay in these
muscles (Table 2). Thirty-three percent of the CB17 mice
tested were found to have low levels of VEE replication in
one or more skeletal muscle groups, whereas 94% of
SCID mice tested had virus in skeletal muscle tissue.
Viral titers in skeletal muscle of VEE-infected SCID mice
were approximately 10-fold higher than in the muscle
tissue of CB17 mice (Table 2). VEE invasion of the skel-
etal muscle of SCID mice reconstituted with splenocytes
from naive CB17 donors prior to infection was interme-
diate between the pattern seen in the CB17 and that
seen in the SCID mice. Titers of virus present in the
muscle tissue of reconstituted SCID mice at 24 and 48 h
p.i. were higher than those seen in the CB17 mice, but
lower than those seen in the SCID mice. Immunosup-
pression of CB17 mice with Cs-A did not increase the
FIG. 3. Serum anti-Vee IgM titers in SCID, reconstituted SCID, and
CB17 mice. Mice were treated as described in the legend to Fig. 1. Each
point represents the average of the titer in two animals. (E) SCID mice,
(F) reconstituted SCID mice, () CB17 mice, (- - -) and the limit of
detection.
TABLE 1
Effect of Immunosuppression on Viral Clearance from Serum
and Anti-VEE Antibody Production
Treatmenta N b Mean VEE titerc Mean antibody titerd
Untreated CD-1 5 ,170 640
Rat IgG 6 ,170 640
Anti-T cell 5 ,170 240
Cs-A 7 5.12 3 10e 320
a CD-1 mice were treated for 3 days prior to infection.
b Number of mice.
c Titer was determined by plaque assay at 144 h p.i. and is expressed
as PFU/ml. Limit of detection, 170 PFU/ml.
d Titer was determined by ELISA at 144 h p.i. and is expressed as the
reciprocal of the highest dilution giving an ODA450 .0.2. Prebleed sera
collected from all animals 3 days prior to infection were negative at a
dilution of 1:10.
e One animal of seven tested had a measurable VEE titer of 3.5 3 104PFU/ml. Negative animals were assessed as having the highest unde-
tectable titer (170 PFU/ml).rate of viral spread to muscle tissue (data not shown).
Muscle tissue titer data was supported by in situ hybrid-
ization findings (data not shown).
Serum interferon titers. The differences seen in the
muscle invasion of SCID and immunologically normal
mice were evident before a classical, antigen-specific
immune response could have arisen. Therefore, we an-
alyzed the sera of VEE-infected mice for the presence of
type I interferons (IFN), cytokines released early during
viral infection. The titers of both IFN and VEE in the
serum of CB17 mice rose very rapidly, beginning at about
12 h p.i. (Fig. 4). By 18 to 24 h p.i., there were greater than
200,000 IU of IFN/ml of serum in CB17 mice. The titer of
IFN fell rapidly after 24 h p.i., such that by the second or
third day it was below the limit of detection. Similar to
what was seen in the observations in the serum, com-
parable IFN levels and titers of VEE also were observed
in the spleens of VEE-infected CB17 animals (data not
shown). This early burst of IFN in the serum is likely to be
the reason for the decline in viral titers in serum and
peripheral organs prior to a detectable antibody re-
sponse. In contrast, the titers of virus and IFN in the
TABLE 2
Replication of VEE in Muscle of CB17, SCID, and
Reconstituted SCID Mice
Mouse
designation
Proportion of mice with
detectable VEE in muscle
Mean VEE titer in animals
with detectable virus
B17 33% (2/6) 9.2 3 102
SCID 94% (15/16) 8.2 3 103
Reconstituted
SCID 43% (13/30) 5.5 3 103
Note. Animals were injected with 103 PFU of V3000 in the left rear
footpad. At 24 and 48 h postinoculation, tongue, right quadriceps, and
right gastrocnemius muscles were removed, homogenized, and ti-
trated. Limit of detection was 1.7 3 102 PFU/g.
FIG. 4. Titers of VEE and interferon in the sera of VEE-infected mice.
Each point represents the average of the titer in two animals. (F) CB17
mouse VEE, (E) CB17 mouse IFN, () SCID mouse VEE, () SCID
mouse IFN.
r
r
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rose slowly. For the first 48 h p.i., levels of virus in the
serum of VEE-infected SCID mice were one to two orders
of magnitude below the titers found in the CB17 mice
(Fig. 4). This same pattern was observed for the IFN
titers, in which the levels present in the sera of SCID
mice were one to three orders of magnitude less than
those present in the CB17 mice. Beyond 48 h p.i., IFN
titers in the sera of SCID mice were below the limit of
detection (Fig. 4). Reconstitution of the SCID mice with
splenocytes from CB17 mice only marginally raised the
titer of IFN in the serum and was highly variable (data not
shown).
CNS spread and neuropathology
The patterns of invasion of the brains of CB17, SCID
mice, and reconstituted SCID mice were similar to those
seen previously in CD-1 mice (Charles et al., 1995), with
virus first invading the olfactory system from the blood-
stream during the early viremic phase. VEE then subse-
quently spread through the limbic structures along neu-
ronal tracts. While the pathology produced in the brains
of CB17 and SCID mice was strikingly different, CNS
lesions appeared to be the proximal cause of death in
both cases.
VEE titer in the CNS. VEE invaded the brains of the
SCID mice slightly earlier than reconstituted SCID and
CB17 mice (Fig. 5). Viral titers in the brains of SCID mice
rose through the first 5 days of the disease, after which
time the viral titers reached a plateau. In contrast, the
brain VEE titer in CB17 mice peaked at 5 days p.i. and
began to decline thereafter. CNS viral titers in reconsti-
tuted SCID mice were similar to those seen in the CB17
mice.
CNS histopathology. The histopathology of the brains
FIG. 5. Viral titers in the brain of VEE-infected mice. Each point
epresents the average of the titer in two animals. (E) SCID mice, (F)
econstituted SCID mice, () CB17 mice, (- - -) and the limit of detection.of VEE-infected SCID mice was markedly different from
that seen in immunocompetent animals. VEE-infectedCB17 mice showed the inflammatory changes that are
characteristic of VEE in the mouse (Fig. 6A). There was a
large number of mono- and polymorphonuclear cells in
the Virchow–Robin space, with extensive infiltration deep
into the neuropil. There was leptomeningitis with mild
congestion and occasional small hemorrhages. None of
these changes was observed in the brain tissue of SCID
mice. In contrast, at 6 days p.i., when SCID mice were
first beginning to display behavioral abnormalities, mild
to moderate spongy change in the brain was observed
(Fig. 6B). The spongiosis was more severe in white
matter areas than in gray matter, but was widely distrib-
uted throughout the CNS. The appearance of spongiosis
followed detection of the virus in the brain by approxi-
mately 3 days and was accompanied by a proliferation of
both microglia and astrocytes (Fig. 6B and data not
shown). By 10 days p.i. vast areas of the CNS were
involved (Fig. 6C). Luxol Fast Blue staining of brain sec-
tions from VEE-infected CB17 or SCID mice failed to
show evidence of demyelination (data not shown), which
has been reported previously in VEE-infected rodents
(Dal Canto and Rabinowitz, 1981).
Reconstitution of SCID mice with lymphocytes from
naive CB17 donors prior to infection with VEE restored
the CB17 mouse phenotype, with the brains displaying
inflammatory rather than spongiotic histopathology (Fig.
6D). SCID mice reconstituted with T cells from naive
CB17 mice showed CNS histopathology similar to that
seen in SCID mice reconstituted with whole spleen (Fig.
6E). In CD-1 mice immunosuppressed by prior treatment
with Cs-A or by depletion of T cells with monoclonal
antibodies, the primary pathologic lesion was vacuola-
tion of the neuropil and spongiosis, as was seen in the
SCID mice (Fig. 6F).
Consistent with the previous results, flow cytometric
analysis of the inflammatory infiltrates in the brains of
CB17 mice at 7 days p.i. showed predominantly T cells,
the majority of which were of the CD81 phenotype
(Fig. 7).
DISCUSSION
The pathogenesis of VEE in the mouse is the result of
both the direct action of the virus on host tissues and the
response of the host to the invading pathogen. We have
attempted to quantify the relative contributions of each of
these processes by comparing the course of VEE dis-
ease in immunologically normal mice to that produced in
mice unable to mount an effective immune response.
These studies have revealed complex and dynamic in-
teractions between the pathogen and the host that op-
erate at several levels to modulate both the replication of
the virus and the pathology produced in the tissues in
which the virus is replicating.
h p.i. (
196 CHARLES ET AL.Pancreatic and lymphoid replication and pathology
VEE produced different patterns of pathology in the
spleens of SCID and CB17 mice. In CB17 mice virus
replicated to high titers and caused a progressive lique-
factive necrosis that began within the marginal zones of
splenic follicles. While viral replication was extensive
within the spleen and lymph nodes, the pathology ob-
served was out of proportion to the number of infected
cells as quantitated by in situ hybridization, suggesting a
bystander effect in which uninfected cells were being
damaged in the vicinity of virally infected cells. In SCID
mice, viral replication in the spleen began slowly but
eventually surpassed the peak titers seen in the spleens
of the CB17 mice. There was, however, no evidence of
necrosis in the spleens of the SCID mice. These obser-
FIG. 6. Tissue sections of brain from VEE-infected mice. Mice were in
stain. Encephalitis in the CB17 mouse at 144 h p.i. (A). Mild neuronal v
confluent spongiosis of SCID brain at 240 h p.i. (C). Encephalitis in a S
infection, 144 h p.i. (D). Encephalitis in a SCID mouse reconstituted wit
in a CD-1 mouse immunosuppressed with Cs-A prior to infection, 144vations argue strongly that the pathology observed in the
spleens of CB17 mice at early times after infection is theresult of a host response to viral replication, rather than
a direct lytic effect of the virus on the cells of the lym-
phoid tissue.
The full range of cellular targets of VEE in the mouse
is not known, but the distinctive tropism of the virus for
lymphoid tissues indicates that lymphoid or myeloid lin-
eage cells may be important targets. The fact that lym-
phoid organs were invaded at the same time in both
strains of mice despite the absence of lymphocytes in
SCID mice indicates that the initial cell type supporting
viral replication is almost certainly not a lymphocyte. This
is consistent with results of recent studies demonstrat-
ing that Langerhans-like dendritic cells are the first in-
fected cells in the lymph node (MacDonald and Johnston,
2000). However, after the initial round of replication, virus
with 1000 PFU of V3000 in the left rear footpad. Hematoxylin and eosin
tion and spongiosis in brain of a SCID mouse at 144 h p.i. (B). Severe,
use reconstituted with splenocytes from a naive CB17 mouse prior to
s from a naive CB17 mouse prior to infection, 144 h p.i. (E). Spongiosis
F).fected
acuola
CID mo
h T cellspreads to surrounding cells, where large-scale replica-
tion ensues. Early differences in VEE titers within lym-
fected
lls, hist
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the cellular composition and the cytokine microenviron-
ment in lymphoid tissue of CB17 and SCID mice.
VEE replicates well in most established cell lines in
vitro, but grows poorly in freshly isolated murine spleno-
cytes (Charles and Johnston, unpublished observations)
and human peripheral blood lymphocytes (PBL) (Levitt et
al., 1979). Treatment of splenocytes with both B and T cell
mitogens increases their susceptibility to VEE (Charles
and Johnston, unpublished observations), as does mito-
genic stimulation of human PBL (Levitt et al., 1979),
indicating that VEE may exhibit an activation state de-
pendence for viral replication in lymphocytes. The pro-
duction of necrosis within the lymphoid tissue may also
be modulated by the activation state of the cells within
the splenic microenvironment. Analysis of the patterns of
cytokine release in the lymphoid tissue of mice following
VEE infection, with special attention to TNF-a and IFN-g,
is currently underway.
The pancreas was the only organ in which the levels of
FIG. 7. Flow cytometric analysis of inflammatory infiltrates in the VEE-in
(C and D). Histograms A and C demonstrate the presence of CD81 T cereplication and the pathology produced were virtually
identical in both SCID and CB17 mice. Necrotic cellswere invariably positive for VEE-specific signal, as de-
tected by in situ hybridization. These results indicate that
the coagulative necrosis that developed in the pancreas
of VEE-infected mice probably represents the direct ef-
fect of VEE on the acinar cells of the exocrine pancreas.
Differences were noted in the pancreatic tissue of SCID
and CB17 mice only after 96 h p.i. At this time, inflam-
matory infiltrates were observed in the CB17 but not
SCID pancreas, corresponding with the resolution of
pancreatic necrosis in the CB17 animals, but not in SCID
mice. The reduction in titer of virus within the pancreas of
an immunocompetent host is likely to be mediated by
cellular, rather than humoral immunity, as clearance of
virus from this organ begins only with the detection of
inflammatory infiltrates.
Clearance of VEE from serum and peripheral
nonneuronal tissues
The titers of VEE began decreasing in all nonneuronal
mouse brain. VEE-infected CB17 (A and B) or mock-infected CB17 mouse
ograms B and D represent CD41 T cells present within the CNS.tissue of the mouse except the pancreas between 72 and
96 h p.i. This decrease in viral titer correlated well with
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198 CHARLES ET AL.the appearance of serum IgM anti-VEE antibody. Animals
unable to produce antibody, such as SCID mice, were
also unable to effect clearance of the virus from periph-
eral tissues and serum. Interestingly, the presence of T
cells was not required for the production of anti-VEE
antibody. These results point to the conclusion not only
that serum antibody is the mechanism by which VEE is
cleared from serum and most peripheral tissues, but also
that the production of this antibody can occur in the
absence of T cell help.
The T-cell-independent production of anti-VEE anti-
body has been observed previously in studies of VEE in
nude mice and in mice treated with anti-thymocyte se-
rum (Le Blanc et al., 1978; Woodman et al., 1975). In both
of these studies, mice deficient in T cells cleared virus
from the serum and produced antibody to VEE. Nude
mice were shown to recover from infection with avirulent
strains of VEE and to be protectively immunized against
challenge with virulent strains. Additionally, studies by
Woodman (Woodman et al., 1975) demonstrated the im-
munosuppressive effects of virulent strains of VEE by
showing that mice infected with VEE are inhibited in their
ability to produce antibody to sheep red blood cells, a
T-dependent antigen. However, these same mice did
produce antibody to VEE virus, indicating that the T
cell-specific immunosuppression associated with the vi-
ral infection had little effect on the ability of the mouse to
produce antibody to VEE. Our studies extend these re-
sults, adding further evidence that the VEE virion can act
as a T-independent antigen, and that it is the presence of
IgM class, anti-VEE antibody that mediated clearance of
most peripheral sites of infection.
Effect of immune system on rate of viral spread and
tissue tropism
VEE spread through the tissues of SCID mice was
more rapid and involved more tissue types than in im-
munocompetent mice. VEE typically replicates in lym-
phoid, pancreatic, and neural tissues of murine hosts
(Kissling et al., 1956; Victor et al., 1956; Gleiser et al.,
1961; Tasker et al., 1962; Kundin, 1966; Gorelkin, 1973;
Jahrling and Scherer, 1973; Walker et al., 1976; Scherer
and Chin, 1977; Jackson et al., 1991; Grieder et al., 1995),
although there have been occasional reports of viral
replication in hepatocytes (Tasker et al., 1962; Jackson et
l., 1991). As this change in the cellular tropism of the
irus in SCID mice occurred more rapidly (18 h p.i.) than
an be explained by an adaptive, antigen-specific im-
une response, it is likely that this effect is due to one of
he factors involved in the innate, nonspecific response
o viral pathogens. A possible mediator of this phenom-
non may be type I interferons, large amounts of which
re released early in infection of CB17, but not SCID,
ice. The establishment of an anti-viral state is one of
he known activities of these cytokines (Roitt, 1988). The
c
tigh levels of interferon present in the serum of CB17
ice at early times after infection with VEE should act to
educe the number of cells capable of supporting viral
eplication, thus, limiting viral spread within the host.
his is further supported by the fact that VEE is sensitive
o IFN in vivo, in as much as exogenously administered
FN protects mice from lethal VEE challenge (Pinto et al.,
988).
The reason that high levels of IFN are released in
B17 but not in SCID mice is unknown, but is probably
elated to the higher levels of viral replication that are
upported in the lymphoid tissues of CB17 mice. The
elease of IFN corresponds with the time at which the
evels of viral replication are showing their greatest in-
rease in the spleens of VEE-infected CB17 mice. Re-
ults of experiments with reconstituted SCID mice sup-
ort the hypothesis that viral replication within the lym-
hoid tissues is responsible for the high IFN titers
bserved. The reconstituted SCID mice exhibited serum
FN levels that were intermediate between those of the
B17 and the SCID mice. Similarly, invasion of the skel-
tal muscle of reconstituted SCID mice was intermediate
etween that of the CB17 and that of the SCID mice. This
s consistent with the fact that reconstituted SCID mice
ad levels of circulating lymphocytes that were interme-
iate between the number of circulating lymphocytes
resent in SCID and CB17 mice (data not shown). Cor-
espondingly, early titers of virus in serum and spleen of
he reconstituted SCID mice fell between the titers found
n the SCID and CB17 mice.
A similar phenomenon has been observed in SCID
nd CB17 mice infected with the Armstrong strain of
CMV or with murine cytomegalovirus (MCMV) (Welsh et
l., 1991). Both LCMV and MCMV grew to higher titers in
he spleens of CB17 mice than they did in the spleens of
CID mice, which the authors attributed to the ability of
oth of these viruses to replicate in lymphocytes. In CB17
ice infected with MCMV, there were higher levels of
FN in the serum at early time points, which paralleled
he higher levels of viral replication observed in the
pleens of these animals.
These results suggest that the limited ability of VEE to
pread into the skeletal muscle and other nonlymphoid
issues of CB17 mice may be due to the interferon re-
ease triggered by the high levels of replication of virus in
he lymphoid tissue in the earlier phase of the disease.
FN in the serum of a VEE-infected immunocompetent
ouse also may be responsible for the slower rate at
hich VEE spreads through these animals.
These results also imply that there exists variability in
he efficacy of circulating IFN to afford protection to
ertain tissues and organ systems from viral infection.
he CNS and pancreas of immunologically normal ani-
als were invaded by VEE in the face of very highirculating levels of interferon, indicating that the cells
hat comprise these types of tissue are either less sen-
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ics for the establishment of an effective anti-viral state
than the cells of skeletal muscle and connective tissues.
These observations highlight the important role of inter-
ferons in limiting the spread of a viral pathogen through
the host and point out that determinants of viral tropism
do not lie exclusively within the realm of receptor–ligand
interactions.
CNS pathogenesis
The pathogenesis of alphaviral CNS infections has
been extensively studied in several viral model systems.
In both the Sindbis and Semliki Forest virus models of
CNS disease, the pathology that is produced is largely
the result of an immunopathic host response to the virus
(Levine and Griffin, 1993; Fazakerly and Buchmeier,
1993). Infection of SCID or immunosuppressed mice
leads to persistent replication in the absence of any
apparent pathology (Fazakerly and Webb, 1987; Fazak-
erly et al., 1993; Subak-Sharpe et al., 1993; Levine and
Griffin, 1993). These results have been confirmed in vitro
n the case of Sindbis virus, in which infection of cultured
eurons leads to persistent infection without cytopathic
ffect (Levine et al., 1991).
Similarly, VEE infection of immunocompetent mice
also led to extensive immune-mediated pathology within
the CNS. Infection of SCID mice with VEE, however,
revealed an unusual pathology that was elaborated in
the CNS in the absence of a host immune response. A
progressive, and eventually lethal, vacuolation of the
neuropil developed in the brains of VEE-infected SCID
mice. There was an associated astrocytosis and micro-
gliosis, giving the brains a histological appearance rem-
iniscent of the transmissible spongiform encephalopa-
thies (Masters and Beyreuther, 1988). The structural de-
rangement of the CNS was accompanied by behavioral
changes that began when the CNS lesions first ap-
peared and increased as the number and severity of the
lesions increased. Previous reports described the devel-
opment of spongiosis in the brains and spinal cords of
SCID mice infected by Theiler’s mouse encephalomyeli-
tis virus (TMEV, a picornavirus) (Rozengurt and Sanchez,
1992, 1993). SCID mice developed an ascending, flaccid
paralysis that was accompanied by the production of
spongy lesions within the ventral horn cells of the spinal
cord following an outbreak of naturally acquired TMEV.
In summary, these studies have revealed an early and
complex interaction between VEE and the immune sys-
tem of the mouse. Within hours after infection, the host
responded in ways that modulated both the organ tro-
pism of the virus and the pathology produced in the
tissues in which the virus was replicating. The host’s
acquired immunologic response to VEE infection acted
to clear virus from peripheral tissues and serum and to
modulate the level of pathology produced in many tis-sues. Finally, it was the host’s response to viral replica-
tion in the brain that produced the pathology that was the
proximal cause of death in immunocompetent mice—
encephalitis. These studies also revealed aspects of
VEE pathogenesis that were essentially free from the
influence of the immune response (most notably the
early pancreatic pathology) and demonstrated that, in
striking contrast to SB and SFV (two related encephalitic
alphaviruses), VEE is highly pathogenic for the CNS even
in the absence of a host immune response.
MATERIALS AND METHODS
Virus, cells, and mice
Stocks of VEE virus were produced as described pre-
viously (Davis et al., 1989; Grieder et al., 1995). Briefly, the
plasmid pV3000 was linearized with NotI and runoff RNA
transcripts were produced with T7 RNA polymerase.
RNA transcripts were introduced into BHK-21 cells by
electroporation. Tissue culture supernatants were har-
vested at 24 h when cytopathic effect was maximal, and
virus was quantitated by standard plaque assay on
BHK-21 cells. Working stocks of virus were prepared by
dilution of supernatants into phosphate buffered saline
containing 1% donor calf serum (PBS-DCS) to give a final
concentration of 105 PFU/ml. Working stocks were frozen
in 0.20-ml aliquots at 270°C until used.
BHK-21 cells were obtained from ATCC in the 53rd
passage and maintained in Eagle’s minimum essential
medium supplemented with 10% DCS, 10% tryptose
phosphate broth, 0.29 mg/ml L-glutamine, 0.5 mg/ml
streptomycin, and 100 U/ml penicillin. Cells were used
from passages 55 to 65.
Hybridomas secreting monoclonal antibodies to T cell
surface markers were a generous gift of Dr. Jeffrey
Frelinger (Department of Microbiology and Immunology,
UNC–CH). Hybridomas F500-A2 (hamster anti-mouse
CD3e), 53-6-72.1 (rat anti-mouse CD8a), and GK1.5 (rat
anti-mouse CD4) were maintained in R-10 medium (RPMI
1640 supplemented with 10% fetal calf serum, 10 mM
HEPES, pH 7.2, 2 mM 2-mercaptoethanol, 0.29 mg/ml
L-glutamine, 0.5 mg/ml streptomycin, and 100 U/ml pen-
cillin). Monoclonal antibodies were partially purified
rom hybridoma supernatants by two successive rounds
f ammonium sulfate precipitation, followed by extensive
ialysis against PBS. Antibody solutions were sterilized
y filtration and stored as 10 mg/ml stocks, frozen at
20°C. Specificity of antibodies was verified by two-
olor FACS analysis of murine splenocytes using the
repared antibodies and FITC-labeled monoclonal anti-
odies RM4-4 (rat anti-mouse CD4, Pharmingen), 53-5.8
rat anti-mouse CD8b, Pharmingen), and H57-597 (ham-
ter anti-mouse ab TCR, Pharmingen).Five-week-old specific pathogen-free CD-1 mice were
obtained from Charles River Laboratories (Wilmington,
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200 CHARLES ET AL.MA). Five-to-eight-week-old specific pathogen-free CB17
mice (BALB/c Ighb/smn) were obtained from The Jackson
aboratories (Bar Harbor, ME). SCID mice (BALB/c
ghb/smn scid1/1) were bred at the UNC mouse colony.
emale SCID mice between 5 and 12 weeks of age were
sed in the current studies. Mice were maintained in a
L-3 laboratory in barrier cages with sterile bedding,
ater, and standard mouse chow (ad libitum). All mice
ere allowed to acclimatize in the BSL-3 laboratory for at
east 1 week prior to undergoing any procedure.
CID mouse reconstitutions
Spleens were harvested aseptically from donor CB17
ice, and the cells were dispersed into HBS buffer
Hanks’ balanced salt solution containing 3% fetal calf
erum and 15 mM HEPES, pH 7.2). Red blood cells were
emoved by 5-min incubation at 20°C with AKC buffer
155 mM (NH4)Cl, 0.1 mM EDTA, 10 mM KHCO3, pH 6.5).
Cells were then washed three times in HBS, enumerated
after trypan blue staining, washed twice in PBS, strained
through nylon mesh, and injected either intravenously
into the tail vein or intraperitoneally into recipient SCID
mice.
B and T cells were purified from whole splenocyte
preparations as described (Quinn et al., 1993). Briefly, T
cells were isolated by passage of splenocytes over anti-
mouse Ig columns. B cells were isolated by lysis of T
cells using T-cell-specific monoclonal antibodies and
complement. Purity of cell populations was determined
by flow cytometry using FITC-labeled monoclonal anti-
bodies RM4-4 (rat anti-mouse CD4), 53-5.8 (rat anti-
mouse CD8b), H57-597 (hamster anti-mouse ab TCR),
nd RA3-6B2 (rat anti-mouse CD45-R/B220, all from
harmingen). Cells were analyzed on a Becton-Dickin-
on FACScan using the Cyclops-7 data acquisition soft-
are package.
solation of lymphocytes from mouse brain
Mice were deeply anesthetized with Metofane and
erfused through the left ventricle with 100 ml of ice-cold
BS-DCS. The brain was removed and homogenized to
roduce a 10% (w/v) suspension. One volume of room
emperature Lympholyte-M (Accurate Antibody Corp.)
as added to the brain cell suspension, and the mixture
as vortexed. The brain cell suspension was underlaid
ith an equal volume of Lympholyte-M, and the suspen-
ion was centrifuged at RT for 1 h at 2000 g. The lym-
hocytes were aspirated from the interface and diluted
nto 50% Lympholyte-M. The cells were rebanded as
efore and were harvested from the interface. The cells
ere washed three times with PBS and were thentained with monoclonal antibodies to murine cell sur-
ace markers as described above for splenocytes.n vivo depletions and immunosuppression
T cells were depleted from CD-1 mice essentially as
escribed (Quinn et al., 1993; Kruisbeek, 1991). Briefly,
ice were injected with 5 mg of pooled, partially purified
onoclonal antibodies GK1.5, 53-6-72.1, and F500-A2 on
ach of 3 consecutive days. On the fourth day mice were
led, and the proportion of circulating T cells was ana-
yzed by flow cytometry. Depletions were routinely .95%
fficient. Depletion was maintained by administration of
mg of antibody every third day. Mice were treated with
yclosporin-A (Cs-A; Sandimmune; Sandoz GmbH, Basel,
witzerland) as previously described (Boespflug et al.,
989).
ouse inoculations
Mice were inoculated subcutaneously (sc) in the left
ear footpad with 1 3 103 PFU of virus in 10 ml of
PBS-DCS while under light Metofane anesthesia. All an-
imals were housed in barrier cages after inoculation. At
6-h intervals postinoculation, two animals were sacri-
ficed for histopathology and two were sacrificed for viral
titration by plaque assay. Animals for histopathology
were deeply anesthetized with Metofane and perfused
through the left ventricle with 50 ml PBS followed by 75
ml of 4% paraformaldehyde in PBS. Perfused organs
were fixed by immersion for one week in formalin and
then embedded in paraffin. Three-micrometer sections
were cut from the embedded tissue and mounted on
aminopropyl triethoxysilane-coated slides (ProbeOn
Plus, Fisher Scientific). Sectioned tissue was subjected
to routine hematoxylin and eosin staining for histopatho-
logical analysis.
Mice for viral titration were deeply anesthetized with
Metofane and perfused with 100 ml of ice-cold PBS-DCS.
Organs were dissected, weighed, and homogenized in
PBS-DCS to give a 20% (w/v) suspension. Homogenates
were clarified by centrifugation at 14,000 rpm and frozen
at 270°C prior to titration by standard plaque assay on
BHK-21 cells. All titer data are reported as PFU/g wet
tissue or PFU/ml serum.
Purification of VEE virus for ELISA
VEE antigen for ELISA assay was prepared by infect-
ing monolayers of BHK-21 cells with V3000 at an m.o.i. of
5. At 24 h p.i., supernatant was harvested and clarified by
centrifugation at 6000 g for 30 min at 4°C. Virus was
pelleted through a 10% sucrose cushion by centrifuga-
tion at 72,000 g for 4 h at 4°C. Viral pellets were resus-
pended in TNE (100 mM Tris, pH 7.2, 150 mM NaCl) and
loaded onto continuous 10–50% potassium tartrate gra-
dients. The virus was centrifuged to equilibrium density
at 72,000 g overnight at 4°C. Viral bands were collected,
and the virions were pelleted out of potassium tartrate by
centrifugation through a 10% sucrose cushion at 72,000 g
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201PATHOBIOLOGY OF VENEZUELAN EQUINE ENCEPHALITIS VIRUS IN THE MOUSEfor 4 h at 4°C. Virus was suspended in PBS, and protein
concentration was determined by Coomassie blue dye-
binding assay (Bio-Rad).
ELISA of mouse sera for anti-VEE antibody
Purified VEE virions were diluted into carbonate buffer
(100 mM NaHCO3, pH 9.6), and 250 ng of protein in a
volume of 50 ml was evaporated in each well of an
mmulon-4 microassay plate (Dynatech). Mouse serum
as diluted into PBS/3% ovalbumin and analyzed for the
resence of IgM, -G, and -A class antibodies using
orseradish peroxidase-conjugated, class-specific anti-
ouse goat serum (Sigma). The substrate was o-Phen-
lenediamine (OPD, Sigma), and reactions were stopped
y addition of 0.1 M NaF. The absorbance was read at
50 nm on a Dynatech MR4000 automated microplate
eader. Titers are reported as the reciprocal of the high-
st dilution to give an ODA450 of .0.200. Uninfected con-
rol mouse sera were uniformly negative at the lowest
ilution tested, 1:20.
nterferon-a/b bioassay
Interferon-a/b in mouse serum was detected essen-
ially as described (Trgovcich et al., 1996). Briefly, serum
amples were acidified to pH 2.0 by addition of 1 M HCl
nd incubated for 24 h at 4°C. Samples were neutralized
o pH 7.0 by the addition of 1 M NaOH, and serial, twofold
ilutions were added in duplicate to monolayers of L929
ells seeded 24 h previously at a density of 4 3 104 cells
per well in 96-well plates. The cells were then incubated
for 24 h at 37°C. A quantity of 2 3 105 PFU of encepha-
lomyocarditis virus (approximate m.o.i. of 5) was added
to each well, and the cells were incubated an additional
24 h at 37°C. Monolayers were stained with 1% crystal
violet in 20% methanol. The endpoint was estimated as
the sample dilution showing protection of approximately
50% of the monolayer, and the concentration of IFN was
calculated by comparison to IFN controls (Lee Biomolec-
ular) included on each plate. All values are reported as
IU/ml of serum.
In situ hybridization
Probes for VEE structural genes and the influenza HA
gene (negative control) were generated essentially as
described (Grieder et al., 1995; Charles et al., 1995).
Briefly, a pGEM-3 clone containing the 993-bp PstI-SacI
fragment (nt 9493–10,486) of pV3000 was linearized at
the unique SmaI site. In vitro Sp6 polymerase transcrip-
ion reactions containing a-35S-UTP produced a 678-nt
radiolabeled RNA probe complementary to the 39 end of
the virus message sense RNA (6K and E1 genes). The
negative control construct produced an approximately
500-nt riboprobe complementary to the influenza (strain
35PR-8) hemagglutinin mRNA. Incorporation of a- S-UTP
was typically 80–95% and was quantitated by liquid scin-tillation counting. Probes were hybridized to 3-mm paraf-
fin sections that had been mounted on aminopropyl tri-
ethoxysilane-coated slides (ProbeOn Plus, Fisher Scien-
tific). Hybridization and wash conditions were as
previously described (Grieder et al., 1995; Charles et al.,
1995). Slides were dipped in Kodak NTB-2 emulsion,
dried, and exposed at 270°C for 24 to 144 h. Following
development, slides were counterstained with Gill’s he-
matoxylin.
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